A trial fibrillation (AF) is one of the most common arrhythmias, but its mechanisms remain unclear because of the complex human atrial structure and pathology of this disease.
1,2 High-resolution optical mapping 3 and 3-dimensional (3D) structural imaging of the atria in ex vivo animal models 4 have provided a wealth of information for better understanding of AF. 1 However, these high-resolution techniques cannot currently be performed in patients to directly uncover the important role of atrial anatomic substrates in pathophysiological conduction. 3 For the first time in the intact human heart, this study integrates functional data collected by highresolution near infrared optical mapping with the 3D atrial structure of the same heart obtained by novel micro-computed tomographic (CT) imaging to investigate the structural basis for conduction during sinus rhythm, atrial pacing, and sustained atrial flutter (AFL) and AF.
An intact explanted human heart (unused donor, 63-yearold woman, chronic hypertension, heart weight 608 g) from the Lifeline of Ohio Organ Procurement Organization was obtained in the operating room at the time of cross-clamp and immediately preserved with cold cardioplegic solution (1-3°C) in accordance with The Ohio State University Institutional Review Board. Whole intact atria were dissected from ventricles and coronary-perfused with oxygenated Tyrode solution at constant pressure (55-60 mm Hg) and temperature (37°C). Subepicardial optical mapping of the whole coronary-perfused atria was conducted with near-infrared voltage-sensitive dye di-4-ANBDQBS 3 to detect and map atrial activations during sinus rhythm, posterior left atrium pacing, and pacing-induced sustained AFL and AF (Figures 1-3) . A high spatial (100×100 pixels, 1.16×1.16 mm 2 ) and temporal (1 frame/ms) resolution Ultima-L CMOS camera (SciMedia, Japan) was focused on both atria from the epicardial surface ( Figure 1A) . After functional mapping, the human atria was formalin-fixed for 48 hours, and then washed with PBS and incubated at 4°C in 25% Lugol iodine solution for 6 days. The whole atria (6×10×15 cm . The structure tensor approach with 3D Eigen-analysis used the x-ray signal intensity of the original micro-CT images to characterize 3D myofiber field, adapted from histological reconstructions 4 (Methods in the Data Supplement). The optical mapping and micro-CT images were reconciled using atrial anatomic landmarks and pin holes placed at the completion of optical mapping.
During sinus rhythm at baseline (59 beats per minute) and 10 nmol/L isoproterenol perfusion (115 beats per minute), integration of optical mapping and micro-CT imaging revealed that the electric wavefront originated from the sinoatrial node in the superior crista terminalis and propagated from the right to the left atrium (RA and LA) through interatrial muscular bundles such as Bachmann bundle and septal pathways (Figures 1E; Movie II in the Data Supplement). Posterior left atrium pacing (120 beats per minute; Figure 1F ; Movie III in the Data Supplement) led to retrograde interatrial conduction from the LA to RA through the same structural pathways. Major atrial muscular bundles are highlighted in Figure 1D . Acceleration of posterior left atrium pacing led to conduction anisotropy, magnified in pectinate muscle bundles in the lateral RA, and eventually unidirectional block and reentrant AFL (267 beats per minute), whereas the LA was passively activated by the Bachmann bundle and septal pathways ( Figure  2A ; Movie IV in the Data Supplement). Micro-CT revealed that endocardial pectinate muscles and their intersection with the crista terminalis formed an anatomic track that anchored the AFL reentry ( Figure 2B-2D) . Burst atrial pacing also induced an episode of sustained AF (>75 minutes). Dominant frequency analysis indicates 2 discrete driver regions in the LA with higher frequency (7.6 Hz) and power (stability) than the RA ( Figure 3A) . Because of intermittent failure of 1:1 conduction, the atrial regions outside of the stationed reentrant AF drivers had slower activation frequencies ( Figure 3B and 3D) and disorganized multi-wavebreak activity. Abrupt changes in myofiber orientation at intersections between the circumferential atrial roof/floor and the longitudinal posterior left atrium bundle provided substrates anchoring these drivers to the anatomic musculature ( Figure 4B ; Figure IB in the Data Supplement). Our study for the first time provides direct evidence that the atrial myofiber orientation determines the specific activation patterns in both RA and LA, during sinus rhythm, pacing, AFL and AF in intact human atria. 
